[1] Hundreds of plumes of methane bubbles, first observed in 2008, emanate from an area of the seabed off West Svalbard that has become 1 C warmer over the past 30 years. The distribution of the plumes, lying close to and upslope from the present upper limit of the methane hydrate stability zone, indicates that methane in the plumes could come from warming-induced hydrate dissociation, a process commonly invoked as contributing to rapid climate change. We used numerical modeling to investigate the response of hydrate beneath the seabed to changes in bottom-water temperature over periods of up to 1000 years B.P. The delay between the onset of warming and emission of gas, resulting from the time taken for thermal diffusion, hydrate dissociation, and gas migration, can be less than 30 years in water depths shallower than the present upper limit of the methane hydrate stability zone, where hydrate was initially several meters beneath the seabed and fractures increase the effective permeability of intrinsically low-permeability glacigenic sediment. At the rates of warming of the seabed that have occurred over the past two centuries, the enthalpy of hydrate dissociation limits the rate of gas release to moderate values. Cycles of warming and cooling can create and sustain hydrate close to the seabed where there is locally a supply of methane of tens of molÁm -2 yr -1 . This rate of gas flow can be achieved where stratigraphic and structural heterogeneity focus gas migration, although the regional rate of methane supply could be much less.
Introduction
[2] The release of methane to the atmosphere from methane hydrate in sediment beneath the ocean floor has been invoked as a contributing agent to rapid climate-warming events in the past, such as the Palaeocene-Eocene Thermal Maximum [Dickens et al., 1995] and Quaternary glacial-to-interglacial transitions [Kennett et al., 2003] . A current concern is that modern climate warming will destabilize methane hydrate, releasing methane into the water column and from there to the atmosphere. Methane is about 70 times more powerful in its effect as a greenhouse gas on warming than is carbon dioxide over a period of 20 years [Forster et al., 2007] , and a substantial increase in methane released from hydrate could reinforce global warming.
[3] Hydrate is stable under conditions of low temperature and high pressure. In the Arctic, colder water at the seabed allows hydrate to form in shallower water than elsewhere. If sediment that contains hydrate is warmed sufficiently, the hydrate will dissociate to produce methane gas and water. Hydrate in shallow water and at a shallow depth beneath the seabed will be affected by climate warming earliest and most strongly [Archer et al., 2009] . Because the Arctic is predicted to experience the most intense warming over this century [Hassol, 2004] , the Arctic is particularly vulnerable to dissociation of hydrate.
[4] As a consequence of the increasing temperature of Atlantic water flowing into the Arctic, a large part of the seabed in the depth range 350-600 m could be prone to the release of methane over the next 100 years, if underlain by sediment containing hydrate [Biastoch et al., 2011] . Abundant methane in the water column of parts of the East Siberian Arctic continental shelf, some of which enters the atmosphere, is attributed to the continuing marine flooding and consequent warming of a former land surface underlain by permafrost [Shakhova et al., 2010a [Shakhova et al., , 2010b , although it seems unlikely that an increase in the rate of warming over the last 25 years or so has yet had any significant effect on hydrate in permafrost [Dmitrenko et al., 2011] . Off western Svalbard, where glacial ice withdrew from the continental shelf about 13 ka [Landvik et al., 2005] , warming of the uppermost part of the continental slope by the increasing temperature of the West Spitsbergen current appears to have induced the release of methane from the dissociation of subseabed hydrate. Temperature measurements from conductivitytemperature-depth casts over the 33 year period from 1975 until 2008 show a 1 C warming of the bottom water in the range 300-450 m water depth .
[5] Sonar images obtained from the West Svalbard margin in Autumn 2008 showed hundreds of bubble plumes (flares) emanating from the seabed. Water samples taken from the plumes contained concentrations of dissolved methane that were up to 20 times higher than background. The gas flares are most numerous in a zone about a kilometer wide, extending upslope from a depth of about 400 m to the continental shelf (Figures 1 and 2 ), which is covered by glacially derived sediment [Sarkar et al., 2011a; Rajan et al., 2012] . The flares also occur, but more sparsely distributed, farther east in shallower water, where the gas feeding them does not come directly from hydrate dissociation, because the seabed is well outside the methane hydrate stability zone (MHSZ). The landward limit of the MHSZ in seawater at its present-day temperature of 3 C lies at a depth of approximately 400 m. With the exception of two flares at 407 m depth, flares do not occur in water depths greater than 400 m in this area. It is probable that the distribution of the flares could be explained by the dissociation of hydrate that previously occurred beneath the seabed between 370 and 400 m water depth, induced by warming of 1 C over the past 30 years or so, leading to a release of methane into the ocean (Figure 3 , inset). Although gas migrating from beneath the MHSZ could be the source of gas feeding flares in water depths shallower than 370 m, it cannot be the only source of gas emissions from the seabed between 370 and 400 m water depth. The presence of the MHSZ beneath the seabed in this depth range 30 or more years ago, would have caused any methane migrating into it to form hydrate, which subsequently dissociated from the effect of warming of the seabed .
[6] In the vicinity of the gas flares, there are numerous negative polarity seismic bright spots and scatterers shown in the seismic reflection sections, some of them immediately beneath the individual sites of flares [Sarkar et al., 2011b; Rajan et al., 2012; Sarkar et al., 2012] . Farther downslope, multichannel seismic reflection and ocean-bottom seismometer data show numerous indications of the presence of gas at the base of the MHSZ, forming a bottom-simulating reflector (BSR), and at depths greater than the expected base of the MHSZ [Westbrook et al., 2008] . These latter include strong negative polarity reflections, underlain by zones of strong attenuation and decreased P-wave velocity with no decrease in S-wave velocity . The overall situation is one in which free gas migrates upslope through permeable units in a sequence of seaward-dipping marine sediments, which underlies glacigenic deposits in the shallower water of the upper part of the continental slope and the shelf (Figure 3 ). Gas flares occur above the subcrops of gas-rich units in this sequence beneath the glacigenic cover on the shelf. Gas also finds its way into the glacigenic Figure 1 . Position of the area of occurrence of methane bubble plumes off western Svalbard in the northeastern Atlantic Ocean (see Figure 2 ) and the major pathways of Atlantic inflow water to the Arctic from the eastern subpolar gyre. Adapted from [Holliday et al., 2008] . Letters show the locations of temperature-time series shown in Figure 9 . sediment sequence on the upper part of the slope, where it occupies stratigraphic units within the sequence, presumably hemipelagic interbeds deposited during interglacial periods, and in water depths shallower than 400 m depth, gas migrates to the seabed. The exact nature of the pathways of gas migration across the stratigraphic units is not shown by the seismic data, although there are numerous near-vertical zones of locally reduced seismic amplitude [Sarkar et al., 2011b; Rajan et al., 2012] . The pathways are likely to be cracks. Farther downslope, seismic anisotropy displayed by PS converted waves indicates the presence of aligned near-vertical cracks in the shallow sedimentary sequence [Haacke and Westbrook, 2006; Haacke et al., 2009] and the position of the glacigenic sequence at the top of the continental slope makes it prone to the development of cracks created by gravitationally induced tensile stress acting downslope [e.g., Driscoll et al., 2000; Sultan et al., 2004; Micallef et al., 2008] . The widespread evidence for free gas in the sediment together with the restriction of the occurrence of gas flares to the area landward of the limit of the MHSZ make it highly probable that some hydrate occupies the shallow MHSZ beneath the seabed downslope from its landward limit and that hydrate previously occurred beneath the seabed in the area from which the MHSZ withdrew as seabed temperature increased over the last 30 or so years.
[7] In this paper, we investigate the hypothesis that the methane in the plumes is derived from hydrate dissociated by ocean warming. We do so by examining, through numerical simulations, the dependence of the time lag between warming of the seabed and the emission of gas from the seabed, and the rate of emission of gas upon:
1) The distribution and concentration of the hydrate in the sediment; 2) The type and distribution of permeability in the sedimentary section containing the hydrate; 3) The input of methane into the base of the system.
[8] In addition, we explore the effect of probable histories of seabed-temperature variation on gas release and on the distribution of hydrate in the hydrate stability zone.
Modeling Approach
[9] Numerical modeling of fluid flow and heat flow coupled with hydrate formation and dissociation was undertaken with TOUGH+Hydrate . TOUGH+Hydrate has been used previously to investigate the fate of oceanic hydrate under a warming ocean, for both one-dimensional (1D) and two-dimensional (2D) cases Moridis, 2008, 2009; Reagan et al., 2011; Thatcher and Westbrook, 2011] . The 2D case [Reagan and Moridis, 2009; Reagan et al., 2011] was based on the West Svalbard situation, confirming the feasibility of warming-related hydrate dissociation proposed for this location ], but did not employ the detailed geological and geophysical information that has been used to inform the modeling presented here. 2D models are informative about the effect of the slope of the seabed on where gas flows and emerges at the seabed. In the upper slope, however, between 550 and 350 m water depth, the slope is 1 (Figure 2) . The 2D models of Reagan et al. [2011] , with a slope of nearly 3 , have uniform intrinsic properties (excluding the effects of hydrate and free gas). In reality, the subsurface geology is layered, with different sediment types and is also horizontally heterogeneous [Rajan et al., 2012; Sarkar et al., 2012] . The effects of vertical and horizontal heterogeneity of properties outweigh the effect of slope where the slope is very small. The horizontal component of head gradient introduced by a 1 slope in an aquifer is about 2% of the vertical gradient. This could give large lateral flows of gas over long uninterrupted flow paths, as is probably the case in the deeper marine sequence, but in the shallow sediment, dominated by glacigenic sediments, heterogeneity of permeability between marine, and glacigenic sediments will act to restrict lateral flow. Furthermore, Figure 3 . Summary cross-section depicting the uppermost part of the continental margin of western Svalbard, based on seismic and sonar data Sarkar et al., 2011b Sarkar et al., , 2012 . The calculated present-day base of the MHSZ is shown by the white dashed line and its calculated base in 1978 is shown by the pale blue dashed line. Inset is an illustration of the processes active in the vicinity of the outcrop of the base the MHSZ at the seabed. There is abundant evidence of gas migrating upslope from sources deep beneath the MHSZ and feeding gas seeps at the edge of the shelf. Reagan et al. [2011] note that the error in the 1D approximation, by comparison with 2D, is very small for low hydrate saturation. For these reasons, and because initialization and run times of 2D models were too long to permit a large number of runs for sensitivity testing, we adopted a 1D approach. Essentially, the 1D model represents the zone beneath an individual gas plume, and should, in time, yield a flow of free gas at the seabed, given the appropriate properties and initial conditions.
[10] The models were run for a range of water depths between 380 and 410 m (Figure 4) . The basic 1D model has a cell thickness of 0.5 m for the first 100 m depth and thereafter cell thickness increases by a factor of 1.1 for each successive cell to a maximum depth of 1134 m. Cells of thickness 0.001 m at the top and bottom of the model are used for boundary conditions and there is no flow in the horizontal (x and y) directions. Flow is in the vertical (z) direction, only. The bottom cell has a source term that is used to represent fixed heat and fluid flows. The top cell of the model represents the bottom of the ocean, with a prescribed pressure, temperature, and aqueous methane saturation. The models were initialized with a hydrostatic pressure gradient and constant heat flow. The base of the hydrate stability zone was found by the code during initialization, using the hydrate stability criterion from [Moridis, 2003] for pore water containing sodium chloride at a concentration of 35 gÁkg . This stability criterion is very close (equivalent to within less than 4 m of predicted water depth for the same temperature) to that of Sloan and Koh [2008] , derived from minimization of Gibbs free energy with the CSMGem code. The values of the invariant model parameters are listed in Table 1 .
[11] The average geothermal gradient in the area was estimated at 65 CÁkm -1 from observations of the depths of the BSR in seismic reflection data nearby (about 8 km distant) [Sarkar et al., 2011b [Sarkar et al., , 2012 . The thermal conductivity and diffusivity of water-saturated sediments were calculated for sediment porosity of 60%, using the method of Budiansky [1970] , and multiplied by the average geothermal gradient to derive heat flow. Because thermal gradient changes when pore space contains hydrate rather than water, constant heat flow is required for the initial condition rather than a constant thermal gradient. Intrinsic (absolute) permeability in the model was assumed to be uniform, and different models took a range of values of permeability across seven orders of magnitude. The presence of hydrate reduces the permeability, depending upon its concentration. This is implemented in the model through a reduction in gas and water saturation, as hydrate also occupies pore space, leading to a reduction in relative permeability. The presence of fractures introduces a dual porosity-permeability system. Where fractures predominate, the properties of the system approximate to those of the fracture network, with high permeability and low porosity, and, in cases where this was considered to be probable, layers were given a very low porosity (1%) and high permeability (10 -12 m 2 ) to simulate the properties of a fracture network. The definitions of relative permeability and capillary pressure are taken from Van Genuchten [1980] and Stone [1970] , respectively. For gas saturations equal or less than the irreducible gas saturation, the relative permeability of gas is zero. The default value for irreducible gas saturation (2%) follows other modeling studies of gas-water-hydrate systems and laboratory measurements [Liu and Flemings 2007; Moridis, 2008, 2009; Reagan et al., 2011; Yousif et al., 1991] . We tested the sensitivity of the models to this parameter because it determines how much gas must be produced before flow starts.
[12] Changes in bottom-water temperature with time were applied to the model at yearly intervals by changing the temperature in the upper boundary cell. Methane flow into this cell was taken to represent methane flow into the ocean, and the time lag between the onset of warming and the start of the flow of gaseous methane into the top cell was recorded. This lag should be less than 33 years if the gas bubbles observed in 2008 were a consequence of warming of the seabed since 1975.
Results

Response to a Linear Increase in Temperature
[13] The primary elements of the response to warming are illustrated by a model of hydrate dissociation as the seabed temperature at 390 m depth warms linearly from 2 to 3 C over a period of 33 years and then remains constant at 3 C until 100 years ( Figure 5) . The depth at which the deepest large group of flares cluster is 390 m, just landward of the predicted limit of the MHSZ and where the delay between the onset of warming and the emission of gas from the seabed would be greatest (Figure 2 ). The permeability used for the initial model is 10 -13 m 2 . This is higher than that of the intrinsic permeability of fine-grained clay-rich sediment, which would typically be about 10 -15 m 2 . We explore the effects of varying permeability and discuss, below, why this higher permeability is likely to be more representative of the effective permeability of the sediments here than their intrinsic permeability. The base of the hydrate stability field is initially at 402 m depth (12 m beneath the seabed). The top of the hydrate stability zone in the water column is initially at 372 m depth and after 16 years it reaches the seabed. Hydrate initially occupies the interval between 7 and 12 m beneath the seabed. Gas reaches the seabed 38 years after warming starts. After 5 years, warming at the base of the hydrate stability zone has started to cause dissociation of hydrate to methane gas and fresh water. At 20 years, hydrate dissociation is occurring through the entire layer containing hydrate and the heat energy is being used for dissociation of hydrate rather than warming deeper sediments. Gas and hydrate occur together, because as dissociation occurs, the increase in pressure caused by released gas (Figure 5c ) and the salinity decrease caused by released water (Figure 5e ) both increase the stability of hydrate, which is continually compensated by an increase in temperature up to the temperature at which hydrate dissociates at decreased salinity and increased pressure. For 35 years, the geotherms in the region where hydrate is present ( Figure 5a ) remain tightly bunched, close to the dissociation temperature, because the presence of hydrate buffers the temperature at its dissociation temperature, which gradually increases, as pressure increases and salinity decreases. Once the hydrate has dissociated, the geotherms migrate rapidly toward the long-term geotherm appropriate for the increased temperature of the seabed. Whilst hydrate is present, gas flow is restricted by reduced permeability caused by the hydrate, but permeability increases as the hydrate dissociates. Consequently, gas pressure reduces significantly and gas reaches the seabed just after the hydrate has finished dissociating at about 38 years (Figures 5b, 5c, and 5d). Thereafter, gas in pore space asymptotically declines toward its irreducible gas saturation of 2% (Figure 5d ).
[14] The controls on the length of the time delay between the onset of warming and the appearance of gas at the seabed, were explored by varying permeability, porosity, hydrate saturation, critical gas saturation, and the depth to the top of a 5 m thick hydrate layer while keeping the initial ocean temperature, water depth, and hence hydrate stability zone constant. The delay decreases with increasing permeability due to the shorter time taken for gas to flow to the seabed ( Figure 6a ) and vice versa. Furthermore, when permeability is low gas pressure increases as hydrate dissociates, making the hydrate stable and inhibiting further dissociation until pressure dissipates or temperature increases. For permeability less than 10 -16 m 2 , the increased pressure is so great that lithostatic pressure is exceeded within 25 years, by which time fracturing would have occurred in the sediment and flow would no longer be primarily through its matrix, but through a network of cracks, with a consequent large increase in permeability. For the case in which hydrate is at the seabed, the delay is 16 years, which is the minimum delay, representing the time for the seabed at this water depth to move out of the hydrate stability zone, as the water becomes warmer. The minimum delay is less in shallower water, where the seabed is closer to the initial top of the MHSZ. The delay increases as the depth of the top of the hydrate beneath the seabed increases, because of the greater distance over which heat has to diffuse downward and gas liberated from hydrate has to flow upward. Decreasing porosity reduces the delay (Figure 6b ), because the gas produced has a smaller volume to fill and, therefore, irreducible gas saturation is reached earlier and gas starts to flow sooner.
[15] The amount of hydrate in the pore space has little effect on the time at which methane appears at the seabed, except when there is only a small amount of hydrate and permeability is low (Figure 6c ). Models with 2% hydrate saturation showed no gas release at the seabed across all values of permeability. At low concentrations of hydrate, the amount of gas released on dissociation is very small and so the relative permeability for gas flow remains very low and gas movement through the sediments is slow. This is sensitive to the irreducible gas saturation parameter; increasing the value from 1 to 5% increases the delay significantly, as the volume of gas required to be produced before gas can flow increases (Figure 6d ). The shortest delays are seen in low porosity, high permeability simulations. At the continuum scale, fractured sediment in which flow is 
(Modified version of Stone's first three phase relative permeability method [Stone, 1970] )
concentrated in the fractures behaves as a low porosity, high permeability medium. With exception of the irreducible gas saturation, the default values of the parameters for the model, as used for the results displayed in Figure 5 , yield the greatest lag times for a given permeability.
[16] The maximum rates of flow of methane into the ocean, for the same models illustrated in Figure 6 , show a strong dependence on permeability, dropping off greatly for values of permeability less than 10 -13 m 2 ( Figure 7 ). This is, in part, the effect of raised pressure from the released gas in a low permeability medium increasing the stability of the hydrate and reducing the rate of dissociation. For a permeability of 10 -17 m 2 , typical of a glacial till, it takes longer than 100 years for the hydrate dissociate completely, whereas for a permeability of 10 -13 m 2 it takes about 37 years ( Figure 5c ). Also, the gas has a low relative permeability, because gas saturation is low and as permeability decreases the increase in gas saturation is insufficient to increase the relative permeability of the gas to compensate for the decrease in absolute permeability. Increased depth to the top of the hydrate decreases the flow rate, because the excess pressure gradient is decreased by the increase in distance between the seabed and the dissociating hydrate. There is little sensitivity to variation in hydrate saturation above 10%.
[17] There is an upper limit to the maximum flow rate of around 1500 gÁm -2 yr -1 across all the model runs. This limit is imposed by the rate of heat input. Once at the temperature for dissociation, hydrate requires an additional 55 kJ of energy to release one mole of methane. Limiting factors for the rate of heat input are the thermal diffusivity of the sediment and the rate of increase of the temperature of the seabed, which increases the thermal gradient. The importance of enthalpy in limiting the rate of dissociation of hydrate is demonstrated by how the rate of flow of gas from the seabed varies with time for different saturations of hydrate and rates of temperature increase at the seabed (Figure 8 ). Doubling the rate of temperature increase at the seabed from 0.03 Áyr Results from model of hydrate dissociation as the seabed temperature at 390 m depth warms linearly from 2 to 3 C over a period of 33 years and then remains constant at 3 C until 100 years. The permeability used for the initial model is 10 -13 m 2 . Default values of the parameters are: initial depth to top of hydrate 7 m, porosity 60%, hydrate saturation 5%, irreducible gas saturation 2%. Pressure change (c) is the deviation from hydrostatic pressure.
which the peak flow tails off depends on hydrate saturation. A greater degree of hydrate saturation produces a larger amount of gas, but its emission from the seabed is spread over a longer period. The onset of a period of methane gas expulsion is preceded, about half a year earlier, by a period of expulsion of methane-enriched water that has been displaced by the gas, which lasts about two years.
[18] Recent measurements (Feseker, personal communication, 2011) indicate that thermal conductivity is in the range 1.8-2.1 WÁm
, rather than the value of 1.21 WÁm -1 K -1 used generally for the model, in the top few meters of sediment in the area in which the plumes occur and that thermal conductivity increases systematically as water depth decreases over the range 450-350 m, which is consistent with an increase in the proportion of rock fragments in the sediment and a decrease of porosity. The Budiansky [1970] model would suggest a porosity of 30% for sediment with a thermal conductivity of 1.8 WÁm
. Low porosity is expected in glacigenic deposits, because of their very poor sorting, which results in the smaller grains filling the pore spaces between the larger grains. Lower porosity for the shallow glacigenic sediment is consistent with the relatively high values of seismic velocity measured in these sediments . The average velocity of about 1710 mÁs -1 for the top 60 m of sediment indicates that the average porosity could be about 30%, although, without knowledge of clay content, one cannot exclude a porosity of between 25 and 35% or lower [Kirsch, 2006] . Assuming that heat flow is constant across the margin from where the BSR is present, 8 km farther downslope from the plume site, increased thermal conductivity of 1.8 WÁm and the base of the hydrate stability zone would be deeper, at 35 m. The effect of the higher thermal conductivity and lower porosity on the emission of gas at the seabed is to speed up the first emergence of gas by 5 years. The depth of hydrate also plays a role in controlling the thermal gradient, as the temperature is tied to the dissociation temperature during hydrate dissociation. Shallower hydrate produces a steeper gradient and more rapid heat transfer. 3.2.1. 1975-2008 [19] To examine whether the linear increase in the temperature at the seabed used to test the sensitivity of the model gave results that were different in any significant way from those from a model that was driven by the interannual near-bottom water-temperature data from the area of the Svalbard plumes over the period 1975 (Figure 9 ), we ran a model with the same properties as the model discussed above (Figure 5 ), but with the seabed temperature varying as the recorded temperature for each year (1975-2008 series) . For both models the seabed temperature remains constant at 3 C after 33 years. The results show that in all major respects the model with the linear increase in temperature provides an adequate representation of the response of the system (Figure 10 
Time Scales of Temperature Variation
Annual Temperature Variation
[20] The effects of annual temperature variation upon shallow hydrate, only a meter beneath the seabed, were investigated in a model at 420 m water depth, initialized with a bottom water temperature of 3.0 C on the top boundary, with a sinusoidal temperature change of 0.5 C about this value. The model setup is such that at steady state, hydrate is stable at the mean temperature of 3.0 C but not at the maximum temperature of 3.5
C. The initial model has hydrate from the BHSZ to 1 m below the seabed at 5% saturation. The model was run with 15 years of annual cyclical temperature variations and results from the 10th year are presented in Figure 11 . The annual variation in temperature has little effect on the distribution of hydrate even in this model, close to the edge of the hydrate stability zone. Hydrate starts to dissociate when the temperature reaches its dissociation temperature, but because the process of dissociation is endothermic, the temperature in the sediment while hydrate is present is held at the hydrate dissociation temperature. This can be seen in Figure 11a , where temperature curves for times between 120 and 240 days lie close together where hydrate is present. Only a small amount of dissociation occurs before the temperature falls again and hydrate reforms from the gas produced during dissociation, which has not escaped to the seabed, because the level of gas saturation only exceeds the critical level required for it to be able to flow for about 80 days, and for that period the relative permeability of gas is so low that hardly any migration of gas occurs. Consequently, the annual variation in seabed temperature has little long-term effect on methane migration to the seabed from dissociation of hydrate beneath the seabed.
1700-2008
[21] Earlier periods of warming may have predisposed the subseabed hydrate system to respond more quickly than predicted by a model with an invariant temperature field, in steady state, prior to the start of the model. In fact, it is certainly the case that the temperature conditions were constantly changing. To discover how this would affect the results, we modeled the effect of temperature variations extending over centuries.
[22] To examine whether warming before 1975 contributed to hydrate dissociation, an evaluation was made of oceanographic data in the northeast Atlantic from the early 1950s until 2008. Temperature records from Holliday et al. [2008] at stations and transects shown in Figure 1 show very similar time variation along the pathway of Atlantic water flowing into the Arctic, and for the period after 1975 they show a similar time variation to the measurements from offshore Svalbard. However, there is a lag of about 3 years between Svalbard and the more southern stations, and the amplitude of variation at Svalbard is less strong for the nearbottom water in the range 350-400 m water depth. This behavior of pulses of warmer water of several years duration travelling into the Arctic has been recognized by others [e.g., Walczowski and Piechura, 2007] . The 30 years of data from offshore Svalbard since 1975 show a general warming trend from 1979 onward. Prior to this, however, the temperature records from other oceanographic stations and transects in the northeast Atlantic show cooling from a temperature maximum in the 1960s to a minimum around 1980 (Figure 9) . Consequently, the period of most recent warming is no longer than about 30 years, much shorter than that needed by the model of Reagan and Moridis [2009] , in which warming at a rate of 0.03 C per year for 100 years produces the first gas emission from the seabed after nearly 80 years of warming, which is consistent with the low permeability (10 -15 m 2 ) and low hydrate saturation (3% of pore space) used in their model, as demonstrated above.
[23] The ocean temperature record from 1950 to the present day is quite short in relation to the time scales of hydrate dissociation and gas migration and is made complicated by decadal variation [e.g., Biastoch et al., 2011] . Therefore, we investigated the possibility of extending the temperature record back to 1700. To construct a seabed temperature series (1700-2008A) to model the period (Figure 12 ). There is a large degree of uncertainty in reconstructing the near-bottom temperature record for the period up until the latter part of the 20th century. Therefore, to examine the effect of uncertainty, we also modeled the effect of a temperature series (1700-2008B), for which the amplitude of variation, up to 1975, was half that used for 1700-2008A.
[24] Although the magnitude of increase of temperature is greatest for series 1700-2008A, the model, in which the top of the zone containing hydrate is at a depth of 7 m, predicts no emission of gas from the seabed, whereas gas emission from about 2005 onward is predicted for series 1700-2008B, which is a few years earlier than predicted by the model illustrated in Figure 10 , which has the same properties but assumes a steady state situation at the beginning of the run of the model, in 1975. For both the models starting in 1700, a considerable quantity of hydrate remains in 2010, much more for series A than for series B, whereas the hydrate in the 1975-2008 model starting in 1975 disappears by 2010. This is a consequence of the enthalpy of hydrate dissociation. Insufficient heat has diffused into the zone containing hydrate to dissociate all the hydrate present. The greater depth of the base of the MHSZ, caused by the cooler initial temperature of series 1700-2008A, produces a thicker zone containing hydrate that takes a longer time to deplete. Dissociation is concentrated at the base of the hydrate. For 1700-2008B, with a thinner MHSZ and a smaller initial quantity of hydrate, the process of dissociation has progressed further in the upper part of the zone containing hydrate and gas released has migrated upward, reforming hydrate and subsequently being released again four times since 1950.
950-1950
[25] The starting models for 1700-2008A and B represent a steady state situation at 1700, but there were changes in ocean temperature before then. There was a major period of climate warming, the Medieval Warm Period between about 950 and 1250 A.D., and a period of cooling, the Little Ice Age between the mid-15th and mid-19th centuries. These show, respectively, relative warming of about 0.5 C and cooling by as much as -1 C west of Svalbard, relative to temperature in the early 20th century [Spielhagen et al., 2011] , and more generally in the northernmost Atlantic and the Arctic [Mann et al., 2009] . To provide a simple simulation of the possible effect of these long-term variations on hydrate growth and dissociation, we ran a model over a 1000 year period between 950 and 1950 AD, in which we represented the variation in bottom-water temperature by a sine wave of 1 C amplitude with a maximum in 1200 A.D. and a minimum in 1700 A.D. For this model, rather than assume the extent of the zone invaded by hydrate and the degree of saturation, we included a source of methane gas at the base of the model and transport of gas by molecular diffusion. In the models described above, transport of methane has been by gas flow and advection of dissolved methane in water; transport by molecular diffusion was not included. Neither was it included in the models of Moridis [2008, 2009] . While this simplification can be justified over short time periods, because the rate of diffusive transport is slow in comparison to gas flow and advection in solution, diffusion becomes important for time periods of hundreds of years or more, especially when hydrate is close to the seabed. Molecular diffusion with a diffusion coefficient of methane in water of 2Â10 -9 m 2 s -1 [Lu et al., 2006] is included in the 1000 year model. The model also has gas inflow from beneath, represented by a source of methane gas in the bottom cell of the model.
[26] The model was initialized with constant heat flow throughout and constant gas flow from the base of the model to the base of the hydrate stability field. Initially, there was 5% hydrate saturation from the base of the hydrate stability zone to 1 m below the seabed, in water depth of 390 m and with bottom water temperature of 2 C. The amount of gas input to the base of the model was varied between different runs of the model to determine those values that would sustain hydrate at a shallow depth beneath the seabed. The hydrate was initially 13 m thick, but it dissociated as temperature increased to 3 C, during warming of the seabed in the early part of the 1000 year period (Figure 14) . As the seabed cooled, hydrate formed again, initially at the seabed and then deeper. Hydrate very close to the seabed was depleted by diffusion of methane into the seawater and the top of the hydrate dropped by 1.5 m over 500 years. As the base of the hydrate deepened, a zone developed in which both hydrate and gas were present, made possible by increased salinity caused by hydrate formation. By the end of the 1000 year period, hydrate and gas coexisted in the MHSZ, in all but the top 1 m of the model. A similar effect was exhibited by the models of Liu and Flemings [2007] to explain gas venting through the hydrate stability zone. The model presented here shows that hydrate can be maintained close to the seabed if gas inflow of a few tens of molÁm -2 yr -1 is present. With a gas inflow of 30 molÁm -2 yr -1
, hydrate is sustained at a depth of 1.5 m (Figure 14) . We do not claim that this model represents the actual variation in a hydrate concentration over the 1000 year period. The model, however, demonstrates that hydrate can be formed and sustained close to the seabed, even with loss of methane by diffusion to the seabed, if there is sufficient supply of methane from beneath the MHSZ. The model places the base of hydrate at a depth of 22 m after 800 years (equivalent to 1750 A.D.).
For a similar excursion in temperature, the model for series 1700-2008A (Figure 13 ) places it at 30 m for 1750. The difference is largely a consequence of the preceding warm period up to 1450, whereas the starting model for 1700-2008A assumes thermal steady state at 1700. The shallow depth of hydrate, within 2 m of the seabed, from about 1550 onward, permits gas from dissociating hydrate to reach the seabed quickly during periods of substantial warming in the midto-late 20th century. This behavior is retained, even if the sediment has a low permeability of 10 -15 m 2 , as indicated by a model for 1700-2008A that takes as its initial value for the depth to the top of hydrate the depth of hydrate shown at 800 years by the 1000 year model (Figure 15 ).
Discussion
Sediment Hydraulic Properties
[27] Vertical migration of fluid through the glacigenic sediments (glacial diamictons) in the upper part of the sediment sequence will be impeded by their low intergranular permeability, which is likely to be around 10 -17 m 2 [Hubbard and Maltman, 2000] . Yet the effective permeability required for the system to respond in the time frame of measured warming of the seabed (about 30 years) is about 10 -13 m 2 , 10,000 times higher. Consequently, it is very likely that fluid migration through the glacigenic sediments is primarily through cracks, which greatly increase the effective permeability of the sediment.
[28] The formation of cracks within the sediments at the top of the continental slope can be promoted by gravitationally induced downslope extensional stress. A large submarine slide immediately to the north of the principal area in which the plumes of methane bubbles exist, bears witness to the effect of gravitationally induced stress at this locality [Vanneste et al., 2007] and, farther downslope, S-wave anisotropy indicates the presence of aligned cracks in the shallow sediment [Haacke et al., 2009] .
[29] The production of gas from hydrate increases pressure in sediment of low permeability, which will combine with the deviatoric tensional stress in the direction of the minimum principal stress to create cracks normal to the minimum principal stress. In the upper parts of models with a low permeability (10 -17 m 2 to 10 -16 m 2 ) the pore pressure exceeds the lithostatic load only a few years after the dissociation of hydrate commences. Therefore, it is very unlikely that in reality very low permeability can be maintained when gas is being produced rapidly from hydrate dissociation. The gas does not have to invade all of the over-pressured section to do this, as pressure is transmitted through the pore water. Where cracks are the main conduits for flow, the flow paths have a high permeability but a small cross-sectional area, which results in a much higher flow velocity than for intergranular flow through sediment at the same flux rate. In weak sediment, fluid pressure does not need to achieve or exceed lithostatic pressure to open vertical fractures, because horizontal stress is normally less than the lithostatic vertical load. Observations during a natural hydrofracture event in shallow clay-rich sediments in the outer part of the Niger Delta showed pressure dissipation at a rate several orders of magnitude faster than would be expected if flow were through a pore network [Sultan et al., 2011] . Furthermore, numerical modeling of gas invasion in sediment [Jain and Juanes, 2009; Holtzman and Juanes, 2011] predicts that gas released by dissociating hydrate in fine-grained sediment of low permeability will migrate by propagating fractures.
[30] To simulate the expected behavior of a fractured clay layer with TOUGH+Hydrate, we set up a model in which the sediment above the base of the MHSZ has a very low porosity (1%) to represent the low volume of the fracture network. This approximation takes advantage of flow through the sediment matrix being so small in comparison to flow through the fractures that matrix flow can be ignored. The permeability is high (10 -12 m 2 ) and could be much higher in the real system, but is limited in the model to ensure model convergence. The reduction in the volume of the principal flow paths (i.e., the fractures instead of the pores) increases the flow rate inversely for a constant flux. Therefore, the flow rate through fractures occupying 1% of the sediment will be 60 times faster than flow through pores occupying 60% of the sediment. The fractures initially contain hydrate at 60% saturation, which is an equivalent volume of hydrate to 1% saturation in the models with 60% porosity. The presence of the fractured layer enables gas from dissociation of hydrate that is greater than 7 m below the seabed to reach the seabed about 18 years after the beginning of warming of the seabed and about 10 years after the hydrate begins to dissociate (Figure 16 ). By comparison, a model with permeability of 10 -17 m 2 and porosity 60%, representing the matrix of the sediment, does not show any gas flow at the seabed, because the gas is trapped in the pore space and the build up of high pressure in an unfractured material of this low permeability increases hydrate stability, slowing its dissociation.
Evaluation of Model Results in Light of Observations of Gas Emissions and Subseabed Geology
[31] Gas flow is uniform in the model, but gas does not seep uniformly from the seabed in the region of the plumes of gas bubbles off Svalbard (Figure 2) . Seepage occurs at specific sites in zones that are typically elongate, subparallel to the bathymetric contours, implying local stratigraphic control, such as the outcrops or subcrops of more permeable layers, or structural control, such as zones of cracks and faults, although no faults with large displacement have been recognized so far in the seismic reflection data. This pattern is superimposed upon that imposed by the landward limit of the MHSZ, which, itself, runs parallel to the bathymetric contours at about 400 m depth. It is very likely that this zonation of methane outflow owes as much to litho-stratigraphic control of the zones in which hydrate was formed, possibly from methane-saturated pore water in the more permeable sedimentary units, as it does to litho-stratigraphic channeling of methane gas released by dissociation of hydrate.
[32] The outflowing gas is already focused into trains of gas of locally high concentration before it reaches the seabed, probably exploiting a subseabed fracture network and lithological heterogeneity. The 1D approximation used in the models cannot represent the mechanisms by which this focusing occurs. Indeed, although existing seismic data show the heterogeneous nature of the stratigraphy and structure clearly [Sarkar et al., 2011a; Rajan et al., 2012; Sarkar et al., 2012] , there are far from sufficient data available to define the subsurface structure and properties well enough for meaningful 2D or three-dimensional modeling of the flow regime. We consider that the 1D models do, however, provide insights to understanding the response to a warming event that could be expected from a natural subseabed hydrate system, in terms of its overall thermal behavior and the budget of hydrate and methane release.
[33] The 1D models will overestimate the lag time between the start of warming and the appearance of gas at the seabed. In the real, three-dimensional system, lag times will be shorter. where hydrate is localized in the flow paths of methane migration, because their three-dimensional geometry presents a greater surface area to warming from the surrounding sediment and because gas can migrate laterally along higher permeability layers to join and reinforce established flow paths across the lower permeability layers. Gas joining preexisting flow paths will reach the seabed faster, because increasing the gas saturation in a flow path increases its relative permeability.
[34] With gas flow focused toward specific sites at the seabed, the flow of gas into the ocean is spatially very heterogeneous. Observations of the gas bubbles as they leave seeps in the seabed off Svalbard indicate quite a low rate of flow of gas [Fisher et al., 2011] . Measurements of gas emission in other areas, such as South Hydrate Ridge, have recorded flux rates over 100 molÁm -2 yr -1 in close proximity to vents [Heeschen et al., 2005] , compared with regional averages of less than 2 molÁm -2 yr -1 [Heeschen et al., 2005; Artemov et al., 2007] at Hydrate Ridge and in the Black Sea. In the model presented here, hydrate is sustained very close to the seabed for rates of gas flux into its base of several tens of molÁm -2 yr -1 (Figure 14) . These rates are likely to be typical of zones of focused gas flow.
[35] In the areas of plume occurrence close to the landward boundary of the MHSZ, plumes typically have a separation of 100 to 150 m. The smallest separation is about 35 m. Each plume, therefore, represents, on average, the free gas output of an area of roughly 15,000 m 2 and could be considered to be the product of processes in the subseabed volume beneath the plume that act to focus the outflow of gas at the seabed (Figure 17) . Dividing the input flux of gas (30 molÁm ) to the base of the 1000 year model (Figure 14) by 15,000, to compensate for the effect of focusing the outflow of gas, provides a rough estimate of the average gas influx of 2 mMolÁm -2 yr -1 to the area. This, however, provides only a likely lower bound on the flux, as we have insufficient information on the actual fluxes through the plumes, the flux of methane through the seabed by advection in aqueous solution and by molecular diffusion outside the close vicinity of the plumes occur to able to provide a more accurate estimate.
[36] Although the modeling has been carried out for a water depth of 390 m, in which the youngest gas plumes should be present, it should not be forgotten that the MHSZ withdrew earlier from beneath the seabed in shallower water, promoting the emission of gas plumes progressively farther downslope, as water temperature increased after the minimum of the Little Ice Age in the middle of the 17th century C over a period of 33 years and then remains constant at 3 C until 100 years. The properties and boundary conditions of the model are, otherwise, the same as those for the model displayed in Figure 5 . Ocean temperature varies daily, following a sinusoidal annual cycle between 2.5 and 3.5 C; top of hydrate is at 1 m. 1700-2008 temperature series (Figures 13 and 15) Driven by the variations in temperature shown as curves A and B in Figure 12 . 1000 years Represents, approximately, the Medieval Warm Period and the Little Ice Age (Figure 14) Ocean temperature varies over 1000 years following a sine curve varying between 1 C and 3 C; top of hydrate initially at 1m; gas source of 30 molÁm 2 year -1 at base of model; molecular diffusion is active. Fracture flow (Figure 16 ) Sediment shallower than 14 m has permeability 10 -12 m 2 and porosity 1%. [Spielhagen et al., 2011] . Since 1800, when (from temperature series 1700-2008A) the seabed temperature was 1.5 C, the top of the MHSZ has deepened from 340 m water depth. Consequently, the western (deeper) boundary of the zone of emissions of gas from the seabed will have migrated downslope as the MHSZ retreated and was no longer present to capture methane migrating to the seabed by turning it to hydrate. The seabed in water shallower than 300 m has possibly not been underlain by hydrate since the last glacial period. Gas emitted from the seabed much shallower than 300 m is likely to have migrated through the underlying marine sequence without ever having been in hydrate. Gas emitted from the seabed in the depth range 360-250 m could come from hydrate dissociation or from the underlying marine sequence and have migrated along the westwarddipping strata that crop out at the seabed or beneath a thin glacial cover (Figure 3 ).
Conclusions
[37] Oceanographic data from the NE Atlantic indicate that, although complicated by decadal-scale variation, recent warming of the near-seabed water in the uppermost part the western continental margin of Svalbard started around the year 1980 and was preceded by a period of cooling from a high in the 1960s. These recent variations in temperature are part of a more general warming of more than 1 C between the beginning of the 19th century and the beginning of the 21st century. If the gas in the bubble plumes observed in 2008 comes from hydrate dissociation caused by recent warming, then the time between onset of warming and methane release at the seabed for the plumes from seeps in water depths of between 390 and 400 m should be less than about 30 years.
[38] The principal conditions that reduce the time lag between warming and the onset of gas flow at the seabed are: (a) high permeability sediment, (b) low porosity sediment, (c) hydrate at a shallow depth beneath the seabed, and (d) increased rate of seabed warming. This time lag can be less than 30 years in water depths a few meters shallower than the present upper limit of the methane hydrate stability zone, where, for example, the top of the hydrate at >5% saturation in sediment with porosity <50% and permeability >10 -13 m 2 is initially <5 m below sea floor.
[39] Unless the top of the hydrate is initially very shallow, a meter or so beneath the seabed, the short time between the onset of warming and the appearance of gas at the seabed requires fractures (cracks) in the low-permeability glacial sediments to enhance flow. Indeed, the modeling demonstrates the necessity of the presence of fractures, because, for values of permeability less than 10 -16 m 2 , gas pressure builds up to lithostatic pressure in less than 30 years and would generate fractures. The flow properties of a fractured system, high permeability, and low porosity (low storage) enable gas to transit rapidly. Depending on the degree to which permeability is increased by fractures, gas produced from the dissociation of hydrate that was as deep as 7 m could be contributing to present-day gas emissions.
[40] The enthalpy of the hydrate dissociation reaction plays an important role in restricting the rate of production of gas from dissociation. For a given rate of warming, the concentration of hydrate, above a certain fraction of pore space, does not affect the rapidity of the response to warming or the peak rate of gas flow. When more hydrate than this limiting fraction is present in the sediment, the period for which the release of methane can be sustained is increased. In the examples that we modeled, the limiting fractions were nearly 10% for warming of 0.03 C/yr and about 20% for warming of 0.06 C/yr (Figure 8 ). The dissociation reaction buffers the temperature, which increases only gently in response to increases in pressure and salinity caused by the release of gas and pure water, which increase the stability of the remaining hydrate. The geothermal gradient is locally tied to that of hydrate stability curve until the hydrate has disappeared (Figures 5a, 10a, 13 ). The process acts as a heat sink and the more hydrate that is present the longer it takes for the subsurface to warm in response to increasing temperature at the seabed.
[41] The effect of large quantities of deep hydrate, as predicted by the models for 1700-2008 A and B is to delay the flow of gas to the seabed, because, in the initial stages, heat is primarily consumed by the dissociation of the deep Figure 17 . Speculative illustration of the processes and geological structure beneath a site of gas emission from the seabed, depicting how gas beneath the MHSZ and gas released from dissociating hydrate may be focused by fractures and entrainment into more vigorous flow paths. Primarily glacigenic sediment of low intrinsic permeability is shown in gray, with lighter tone having relatively higher permeability. Units of marine sediment with high permeability are shown in yellow. Focusing of the flow of free gas and methanesaturated water will have controlled where hydrate was most concentrated within the MHSZ, providing an already localized source of gas when the hydrate dissociates from the effect of warming. Overpressure generated by the production of gas from the zones of hydrate concentration could create or reopen fractures to increase permeability. The migration of gas will be focused further by its entrainment in the flow paths with the highest relative permeability in the opened fracture network.
hydrate rather than the warming and dissociation of shallow hydrate. To reach the seabed the gas released from the base of the zone of hydrate would have to migrate around the MHSZ, which would still exist at the present day and contain hydrate, or be injected through the MHSZ in fractures opened by overpressure.
[42] Cycles of warming followed by cooling successively increase the concentration of hydrate at shallower depths, as gas released from hydrate migrates upward before forming hydrate again, which leads to earlier gas release with each successive cycle. From the results of the 1700-2008 B model, it seems likely that gas was emitted from the seabed at a depth of 390 m during the mid-1960s.
[43] Over periods of hundreds of years, a flux of methane gas of a few tens of mol/m 2 /yr is needed to maintain hydrate close to the seabed against loss of methane by diffusion. This rate of supply of methane, however, is only required to sustain shallow hydrate in the close proximity of the gas plumes. The average flux of methane over a large region could be three orders of magnitude less, with heterogeneous, geologically controlled migration and flow-focusing providing a much higher level of input of methane to the base of the MHSZ beneath the plumes. The supply of gas from deeper in the system is evident in the continental margin of west Svalbard, where gas is migrating upslope from the deeper offshore part of the continental margin.
[44] While the underlying cause of gas escape from the seabed off Svalbard is the migration to the seabed of gas originating deeply within the underlying marine sediments, the MHSZ combined with the laterally variable stratigraphy of shallow glacigenic and glaciomarine sediments controls the geographic distribution of hydrate and gas seeps. This is, first, by controlling where hydrate is formed and, second, by controlling the routes taken by gas released from dissociation of hydrate, as well as gas from beneath the MHSZ, to migrate to the seabed. With decreasing water depth landward of the MHSZ, gas migrating beneath the MHSZ is likely to be increasingly important as the source of gas emitted from the seabed. In the region of 370-400 m water depth however some, at least, of the gas that is emitted from the seabed must have come from hydrate that occupied that region before warming commenced, as the presence of the MHSZ will have caused gas entering it from below to be turned to hydrate.
[45] We envisage that the release of methane from hydrate in the 370-400 m water depth range is only the most recent phase of a continual increase of area of seabed from which methane is released, as water temperatures increased since the last glacial period, inducing an oscillatory but progressive withdrawal of the MHSZ into deeper water. Given the evidence for abundant supply of gas migrating into the upper continental slope and shelf, it is very likely that gas emission from the seabed has occurred here since the Little Dryas. Although, at present, it appears that no gaseous methane reaches the sea surface [Fisher et al., 2011] , we would expect to see shorter response times and greater peak-flow rates for gas released from hydrate, if warming were to accelerate in the future. It may then be possible for gas emissions to be strong enough for methane to reach the atmosphere, especially if gas were stored transiently in traps sealed by hydrate, from which the escape of gas would be rapid when breached.
